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5 years of research of Differential Die-Away
(DDA) Instrument within the Next Generation
Safeguards Initiative

What have we learnt?
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Overview (DDA@NGSI)

% 2009 — 14 NDA techniques started (... not all made it)

% 2011 — NGSI Project merit review - DDA almost abandoned

* 2014 - one of the most comprehensive and promising techniques
% 2015+ — design/build of prototype for CLAB, Sweden

s 15+ people contributed (Pauline Blanc, Stephen Croft, Kiwan
Chung, Noah Fisher, Alison Goodsell, Vlad Henzl, Taehoon Lee,
Henrik Liljenfeld, Niklas Lundquist, Tomas Martinik, Howard Menlove,
Martyn Swinhoe,Steve Tobin, Holly Trellue, Rob Weldon, ...)

¢ tested against simulations of 1000+ SFA’s
(SFL-1, 2a, 2c, 2e, 3, 4, 5, 6)
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Original DDA(+DN) Instrument Design

= DDA+DN
Instrument Design

» Stainless steel (SS)
as a reflector

> 6x 3He w/ Cd used for
DDA and DN, but
efficiency for DN ~50%
smaller due to Cd

» 2x3He w/o Cd
to improve efficiency of DN
iInstrument (i.e. DN only)

Design by P. Blanc & H. Menlove

» Los Alam
NA?OSNAL LEOR;M%§ UNCLASSIFIED Slide 3

EST.1943

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 1T YA [ =g
IVASE

S



DDA response phenomenology (fresh fuel vs. spent fuel)

m Fresh fuel => DDA response increases (die-away time is longer) with
increasing fissile content

m  Spent fuel => DDA response decreases (die-away time is shorter) with
higher burn-up (i.e. more neutron absorbers present)
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DDA signal = integral of counts in a given time domain

» Los Alamos (without the contribution of burst neutrons)
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Measurement of 2°Pu ppa (in time domain 100-200us)
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29Pugrr = cym(*°U) + m(?3%Pu) + c;m(241Pu)
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...what is the meaning of die-away time ?



DDA response & evaluation of neutron absorbers

DDA signal [counts/seurce neutron]

DDA signal [counts/seurce neutron]

o

4.0E-04

E-04x*+ 5.14677E-04x - 5.99130E-04

3.5E-04 O'SOHS L 9.99965E-01
&

FF(5% IE

3.0E:04 |

[y
2.5E-04 Rl

a
A5 FF (3% IE)

2.0E-04 | ,
initial enrichment
FF(2% IE) 2% BN 4% 3
1.5E-04 3%mm 5%
burn-up [GWd/tU]

1.0E-04 | 150 45 A

franie 300 600

FF (4% IE)

5.0E-05

= “effective neutron absorber coefficient”:

effNA = DDAFF/ DDASFA

=> Ratio of DDA signal for fresh fuel (FF) and
spent fuel (SFA) for given M and given time
domain

1.5 2.0 2.5 3.0 3.5 4.0 4.5 . .
w  => also reflected by die-away time (V')
1.0E-03
8608E-04x + 1.7418E-Q4 —_ 200.0
oot | 500-1000ps [ wore* Z 0o -
8.0E-04 . %
2 ®
7.06-04 S 180.0 ®
=] o® ®
6.0E-04 T y 8 170.0
5.0F-04 g 1600
4.0E:04 } N
40504 FF (3% IE)/ E 150.0 .ﬁm
- < 140.0 ﬁu

2.06-04 FF @ iE) &> 130.0 4
1-0E04 Frr (g time window E (500-1000ps) 120.0 /ﬁ o
0.0E+00 a . . s .

1.5 2.0 2.5 3.0 3.5 4.0 4.5 110.0 ‘:‘g‘

Mo ’ of
) 100.0
Los Alamos 0.50 0.60 0.70 0.80
NATIONAL LABORATORY u efiNA (0-50ps) 10
EST.1943

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA ' Y} ‘D%‘}

N AR



2011 External Review of DDA
Charlton & Humphrey
JNMM 40(3), 18-23(2012)

2014 Status of DDA

1
1
1
1
1
1
1
” 1
Q= _ FF SFA
General Characteristics I eff NA - D DA / D DA
Time Required for Development Short I
Portable - .
ot (i ied Lom: . Lo effNA — effective neutron absorbers
Practical Implementation when Fixed in a Facility Y I
Hardware Maturity High o s e
— — I+ Die-away time is a measure of
Quantification Ability for Assemblies for: I
Femental P ! neutron absorbers in the SFA
39p,, I
- | — 200.0
— ! 2 190.0 %R
14'3Pu I : 0 (B b
239 |off 1 g_ 180.0 ®
< Fission product absorbm ) | g 170.0 o® ®
Other actinide absoW | a
2Pueff Quantification Penetrability (# rows) | g 160.0
F
Burnup | ~ 150.0 l‘iFF
Initial Enrichment 1 § ]
— 140.0
Cooling Time 1 © ﬁ initial enrichment
Pin Diversion Sensitivity' (High, Med, Low) in: | 130.0 A 2%mm 4%
—— = = I s o8 3%mm 5%
er Region (rows [-2) : 120.0 .@ﬁﬂ burn-up [6Wd/1U] —
Middle Region (rows 3-5) ™M o0 150 45 A
Center Region (rows 6-9) M I 110.0 <>’s 300 60 o T
Independence of (for Fissile Mass Quantification): I 100.0 = —
Burnup : 0.50 0.60 0.70 0.80
Initial Enrichment I effNA (0'50"3)
Cooling Time I
Priority for More Work 2 |




2011 External Review of DDA

Charlton & Humphrey
JNMM 40(3), 18-23(2012)

o
{ ooa )
General Characteristics
Time Required for Development Short
Portable -
Cost (High, Med, Low)e H
Practical Implementation when Fixed in a Facility Y
Hardware Maturity High
Quantification Ability for Assemblies for:
Elemental Pu
2Py
==
#1Py
Py
HPueff
Fission product absorbers
Other actinide absorbers
B Pueff Quantification Penetrability (# rows) _
Burpup
| nitial Enrichment _) J
Cooling Time
Pin Diversion Sensitivity' (High, Med, Low) in:
Outer Region (rows [-2) M
Middle Region (rows 3-5) ™M
Center Region (rows 6-9) M

Independence of (for Fissile Mass Quantification):

Burnup

Initial Enrichment

Cooling Time

Priority for More Work

2

Tppa(100-200ps) [ps]

2014 Status of DDA

200.00
=349969x + 68.2
190.00 f 1% e @
RT=0982 3 }{
180.00 F-v=234459x+77.5364 /‘
R?=0.994 J /
170.00 *
/ / y =166929x + 84.332
160.00 ‘/ AD/ /{ R¥=0.9939
150.00 4 y =144305x + 78.399
j{ yA R?=0.9948
140.00 /
130.00 /}/ /
120.00 &
45
110.00
ik
100.00 = A M a
0.0E+00 2.0E-04 4.0E-04 6.0E-04 8.0E-04 1.0E-03

DDA signal (100-200ps) [ counts/source neutron]

30.0
—
39‘
el
=200 }
<
10.0 A
° B A g
A
[} ™ A
00 } i * a
i B i
-10.0
20.0 }
0=4.5%
-30.0
1.0 2.0 3.0 4.0 5.0 6.0

IE [%]



2011 External Review of DDA
Charlton & Humphrey
JNMM 40(3), 18-23(2012)

2014 Status of DDA

r—— 15 Gwd/tu
U ooa ) __ 200.00 -
N A 2 190.00 |_Y=349969x +68.2 °
General Characteristics »:«' : R?=0.982 ° f y?é’ P
- : £ 180.00 Fv=2344597%77536(
Time Required for Development Short g R2-0).904 J /
Portable - g 170.00 !/
‘ . 160.00 /
Cost (High, Med, Low) H :é / . ,4ﬁ /6 30 GWd/tU
Practical Implementation when Fixed in a Facility Y 2 150.00 ﬂ /ﬁ /{ FA'—' 09908
Hardware Maturity High 140.00 £~ ” g5
ieaid ili 3 ] 130.00 F— ; 4
Quantification Ability for Assemblies for: WX/OK 45 GWd /t ]
Elemental Pu 120.00 £ W —
Py roo0 o471 60 GWd/tU
235 100.00
ip 0.0E+00 2.0E-04 4.0E-04 6.0E-04 8.0E-04 1.0E-03
d DDA signal (100-200ps) [ counts/source neutron]
140Pu
HPueff

BUT : CT needs to be known

Fission product absorbers

Other actinide absorbers

2Pueff Quantification Penetrability (# rows) o) 20.0
q Burnup ;

= ‘ a u o

Initial Enrichment | 8
10.0 B
Cooling Time A 8
Pin Diversion Sensitivity' (High, Med, Low) in: ° - &

Outer Region (rows [-2) M 0.0 g A g 8
Middle Region (rows 3-5) ™M 8 E A 2
Center Region (rows 6-9) M 8 5] g

Independence of (for Fissile Mass Quantification): -10.0
Burmp 0=5.7% ’
Initial Enrichment
Cooling Time -20.0 : .

g 0.0 15.0 30.0 45.0 60.0 75.0

Priority for More Work

BU [GWd/tU]




2011 External Review of DDA
Charlton & Humphrey
JNMM 40(3), 18-23(2012)

2014 Status of DDA

-
( ppA )
 —
General Characteristics . .
Time Required for Development Short U nfl n I S h ed WO rk
Portable - . . .
Cost (High Med, Lowy H => first results promising
Practical Implementation when Fixed in a Facility Y
Hardware Maturity High
Quantification Ability for Assemblies for: — 35.0
Elemental Pu § @ (T=1
2Py I B CT=5
=y c 330 ¢ A CT=20
b
241 Pu Z
240P,
HPueff

Fission product absorbers

o %%\&
290 —~¢ N\A
27.0 &M-@ P

25.0 _—
0.0E+00 2.5E+04 5.0E+04  7.5E+04  1.0E+05

Other actinide absorbers

B Pueff Quantification Penetrability (# rows)

Burnup

Initial Enrichment

q Cooling Time )

Pin Diversion Sensitivity' (High, Med, Low) in:

Outer Region (rows [-2) M DDA Sig“al (1 00'200“8)
Middle Region (rows 3-5) ™M
Center Region (rows 6-9) M

Independence of (for Fissile Mass Quantification):

Burnup

Initial Enrichment

Cooling Time

Priority for More Work




2011 External Review of DDA
Charlton & Humphrey
JNMM 40(3), 18-23(2012)

October 2014:

7.0E+08
{ ppa -
— \V) ~ i @ CT=1y
General Characteristics & -
= 6.0E+08 ¢ @CT=5y 1
Time Required for Development Short : —'x
Portable - ﬁ 5.0E+08 + ACT=20y |
Cost (High, Med, Low)s H § ; O CT=80y
Practical Implementation when Fixed in a Facility Y 4.0E+08
Hardware Maturity High
Quantification Ability for Assemblies for: 3.0E+08 - K
Elemental Pu 2 0E+08
239p,, [
I ) 1.0E+08
W—/
140Pu 0.0E+00 A A A $ i i $ i i $ M M M
ol -3.0E+08  -2.0E+08  -1.OE+08  0.0E+00 1.0E+08

Fission product absorbers

[m(*tPu )_m(239pueff)],z.2

Other actinide absorbers

10.0
7Pyeff Quantification Penetrability (# rows —_—
Burnup - : E\f_, 0:21%
Initial Enrichment S 50 ko3
Cooling Time Q g Q
Pin Diversion Sensitivity' (High, Med, Low) in: Qé, 0.0 m—n_ni
Outer Region (rows [-2) M <] ‘ i
Middle Region (rows 3-5) ™M -5.0 ()
Center Region (rows 6-9) M ¢
Independence of (for Fissile Mass Quantification): -10.0 BU [GWd/tU]
Burnup 60 45 30 15
Initial Enrichment <€
Cooling Time -15.0 —_ 0 — y
0 5,000 10,00

Priority for More Work

0 m@5U) [g]




2011 External Review of DDA

Charlton & Humphrey
JNMM 40(3), 18-23(2012)

General Characteristics

i i or Development

Portable >

Cost (High, Med, Low)e

Practical Implementation when Fixed in a Facility

Hardware Maturity

Quantification Ability for Assemblies for:

Elemental Pu

:39Pu

’_‘BSLJ

2#1Py

14-3Pu

BIPyeff

Fission product absorbers

Other actinide absorbers

B Pueff Quantification Penetrability (# rows)

Burnup

Initial Enrichment

Cooling Time

Pin Diversion Sensitivity' (High, Med, Low) in:

Outer Region (rows [-2)

Middle Region (rows 3-5)

Center Region (rows 6-9)

Independence of (for Fissile Mass Quantification):

Burnup

Initial Enrichment

Cooling Time

Priority for More Work

]ZZZ

{ oboa )

October 2014:

With fission chambers no Pb
shielding needed

DDA works without tailoring
material too

©@E®

SFA

0JOJOJO,

©@E®

by Niklas Lundkvist



How to tailor NG neutrons ?

Fission-to-Burst Neutrons Ratio
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To tailor or not to tailor ?

“base” design “bare” design
air
NG
poly
« Neutrons entering SFA have « Neutrons entering SFA have
energy < 1.0 MeV energy of 14.1 MeV

e Fast fission on 238U minimized + Fast fission on 238U maximized
» Los Alamos

NATIONAL LABORATORY UNCLASSIFIED Slide 18

EST.1943
Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 1T WA [ =g
INAYSES




To tailor or not to tailor ?

« Any DDA design is evaluated on its ability to determine 23°Pu

« “Bare” design performs just as well as other designs with

A(zzgpuefr_nm) [%]

tailoring material
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Role of individual detectors

e

« SFL2e — highly asymmetrically burned SFA’s

« BU asymmetry develops when SFA burned on
the edge of the reactor core

* Most of SFA’s in real world likely have
asymmetric BU
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by Tomas Martinik

Role of individual detectors

« DDA response sensitive to orientation of SFA only for FRONT detectors
« BACK detectors NOT sensitive to SFA orientation

front detectors back detectors
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active multiplication active multiplication

SFA’s with 4% IE, 15-45 GWd/tU BU, CT=5, 20y
(3 different shuffling scenarios)

FRONT detectors = local assay
BACK detectors = global assay
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Novel DDA designs

. Understanding of DDA opens new Défectoscope DDA

possibilities H,0 e
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Minimalist DDA FC or 3He
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DDA Fork detector

« Culmination of NA-22 funded project of experimental verification of DDA
“physics” predicted by NA-241 funded simulations

« 2 parts of the instrument
- NG with Pb shielding
- 3He/FC detectors & more in a
Fork-like configuration

« Portable system for spent fuel pond
measurements

« Operated by 1-2 inspectors by the side
of the pool

 Full benefits of traditional DDA
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Summary
2011

DDA

General Characteristics

Time Required for Development

Short

Portable

Cost (High, Med, Low)®

Practical Implementation when Fixed in a Facility

H
hd

Hardware Maturity

High

Quantification Ability for Assemblies for:

Elemental Pu

239Pu

235

2Py

40Py,

2FPyeff

Fission product absorbers

Other actinide absorbers

Pueff Quantification Penetrability (# rows)

Burnup

Initial Enrichment

Cooling Time

Pin Diversion Sensitivity' (High, Med, Low) in:

Outer Region (rows 1-2) ™
Middle Region (rows 3-5) ™M
Center Region (rows 6-9) [~

Independence of (for Fissile Mass Quantification):

Burnup

Initial Enrichment

Cooling Time

Priority for More Work

2014

DDA

General Characteristics
Time Required for Development Short
Portable Y
Cost (High, Med, Low)? H
Practical Implementation when Fixed in a Facility Y
Hardware Maturity High

Quantification Ability for Assemblies for:
Elemental Pu Y
Pu
Py
Py
PPueff Y
Fission product absorbers Y
Other actinide absorbers Y
2¥Pueff Quantification Penetrability (# rows) 9
Burnup Y
Initial Enrichment Y
Cooling Time Y
Pin Diversion Sensitivity' (High, Med, Low) in:
Outer Region (rows [-2) ™
Middle Region (rows 3-5) ™
Center Region (rows 6-9) [1]
Independence of (for Fissile Mass Quantification):

Burnup Y
Initial Enrichment Y
Cooling Time Y

Priority for More Work 2




